Positron lifetime and coincidence Doppler broadening measurements on ZrO2+3 mol.% RE2O3 (RE = Eu, Gd, Lu) nanopowders and ceramics obtained by sintering these nanopowders are reported. The initial nanopowders were prepared by a co-precipitation technique and exhibited a mean particle size of ≈ 15 nm. The nanopowders were calcined and pressure-compacted. All compacted nanopowders exhibited the prevailing tetragonal phase with at most 15% of the monoclinic admixture. Positrons in compacted nanopowders were found to annihilate almost exclusively at grain boundaries: (i) vacancy-like mist defects along grain boundaries and (ii) larger defects situated at intersections of grain boundaries (triple points). In nanopowders, a small portion of positrons formed positronium in pores between crystallites. Sintering of nanopowders at 1500
Introduction
Zirconium dioxide (zirconia) exhibits advantageous mechanical, thermal, electronic and other properties [1] . This is why zirconia is widely used in many areas of practice, in particular, in the ceramic industry. However, a stabilisation of the high-temperature tetragonal (t-) and cubic (c-) zirconia phases is necessary to avoid a mechanical deterioration of this material when repeated phase transitions to/from the room temperature monoclinic (m-) zirconia occur. A phase stabilisation of zirconia can be accomplished by doping zirconia with a proper metal oxide giving rise to a formation of a solid solution of the dopant in the zirconia lattice. A traditional zirconia phase stabiliser, nowadays, is the trivalent yttrium oxide (yttria) [1] . The Y 3+ ionic radius exceeding considerably that of Zr 4+ (0.9 and 0.7 Å, respectively) likely assists to yttria stabilisation ability. Since yttria is a relatively expensive substance, a searching for other metal oxides which might induce a phase stabilisation of zirconia is of a great interest. Among the likely candidates for zirconia phase stabilisers, the rare-earth (RE) oxides may be considered because of some chemical properties of RE elements and their ionic radii (≈ 0.9 to 1.0 Å) are similar to yttrium.
Characteristics of functional ceramic materials may be improved if the ceramic is manufactured by sintering nanoscopic particles of ≈ 10 nm size [2] . In such a * corresponding author; e-mail: ivan.prochazka@mff.cuni.cz case, grain boundaries (GBs) and defects associated to GBs become to play an enhanced role and inuence microstructure evolution during sintering.
Indeed, reaching of phase stability is not the only benet of zirconia doping with other metal cations. Such a doping may also take a positive eect on e.g. mechanical properties, ionic conductivity, desired sintering temperature, and thermal stability of the material [3] . When the impurity metal valence is lower than that of Zr (4+), stoichiometry violation generates a huge amount of oxygen vacancies and related defects complexes.
The present study was focused on the characterisation of defects in zirconia doped with trivalent RE oxides (RE = Eu, Gd and Lu). Pressure-compacted nanopowders and ceramics made by sintering of these nanopowders were investigated using positron lifetime (PL) and coincidence Doppler broadening (CDB) spectroscopies.
The study represents an extension of our recent research on yttria-stabilised zirconia (YSZ) nanomaterials reviewed in [4] . To authors' knowledge, no positron annihilation studies of the zirconia nanosystems doped with RE 2 O 3 were reported before in the published literature. The activity of sources amounted typically 1 MBq.
The PL measurements were carried out using a digital spectrometer described in [6] . The spectrometer was equipped with BaF 2 scintillators and Hamamatsu H3378 photomultipliers and exhibited a time resolution of 145 ps (the FWHM of resolution function for 22 Na).
Typically, 10
7 coincidence events were accumulated in each PL spectrum. The PL spectra were decomposed into the discrete components by means of a procedure [7] based on the maximum-likelihood principle. A contribution of positron annihilations in the source salt and covering foils was determined using a well-annealed high-purity α-iron specimen and recalculated to zirconia according to the method given in [8] .
The CDB measurements were performed using a coincidence spectrometer [9] equipped with two HPGe detectors and fast 12-bit digitisers. The spectrometer exhibited an energy resolution of 0.9 keV and a peak-to--background ratio better than 10 5 . At least 10
8 coincidence events were collected in each 2D energy spectra.
The Doppler-broadened proles (DBPs) were cut from these spectra. The CDB results were then displayed as the ratios of the DBPs to the DBP measured for a well--annealed coarse-grained pure Zr (99.9%) reference specimen.
Both the PL and CDB measurements were conducted in air at ambient temperature.
Results and discussion
The lifetimes and the relative intensities of discrete components resolved in measured PL spectra were summarised in Table II . The longest lifetime components of (12) 203(6) 41(12) Positronium formation found in Z3E, Z3G, and Z3L compacted nanopowders should be regarded as a strong evidence of porosity in these materials.
Using the semiempirical formula [10, 11] , the pore sizes (diameters) were estimated from o-Ps lifetimes τ 4 ≈ 15 ns of Table II as ≈ 1.8 nm. These results are similar to ndings obtained previously for YSZ [12] and ceria-stabilised zirconia (CeSZ) [13] nanopowders of a comparable particle sizes (10 to 20 nm diameter) prepared by the co--precipitation technique. Based on simple geometrical considerations [14] , it is thus simultaneously suggested that the main contribution to the o-Ps components observed in compacted nanopowders comes from Ps formation in the cavities between primary nanoparticles.
Positrons which did not form Ps in compacted nanopowders give rise to two components of PL spectra with lifetimes τ 2 ranging from ≈ 200 to 250 ps and τ 3 lying between 400 and 500 ps, see Table II . This situation is again similar to the cases of the YSZ and CeSZ nanopowders [12, 13] . Taking It is seen in Table II that 
